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Abstract

This paper discusses and deserib eatl d ramics and control of a spacecraft orbiting close
to or landing on an asteroid or cerne *1 Li-pap 1 jyrt’ . (Ills analytical and numerical results which
ilustrate the challenges facing nearastoront thiers, Included are a variety of forinulae which give
order of magnitude calculations of tele vant dyr anieal quantities useful for design and feasibility
studies. In particular, we discuss orbitdetannne 1on and control, orbital dynamics, close proximity
operations and landing operations

Some applications of thescresults 1o th N AR mission to Tros are given, with an eye towards
a potential landing phase for that!Veon

1 Introduction

Small bodies, such as asteroids and ((1111., las heen of increasing, interest Jately. This is driven
by several factors,including a desitets e ors and the primal constituents of the solar systemn,
to further our understanding of dynanica proc sCsinthe solar svstemn and to better understand
those objects which occasionally unpaci vt I th carth and the other planets. Additionally, near-
carth asteroids arc, in some sense | incspas ver rendezvous with and thus are prime candidates
for lower-cost missions.

In response to such interest, theie 1 a ben anincrcase in the munber of proposed missions
t o such bodies. A common feature of ey ofhese proposals i1s a phase of orbiting close to the
body and perhaps a landing phase when s measarements can be acquired. Also, of great
significa nce, is the NEAR mission to the, ~tro | Bros, whose nominal inission contains periods of
close proximity operations and Whose cxtac 1issioniay include a landing phase. This paper is
meant to address some of the hasi gue<ions thamust be dealt with 1n these situations and provide
uscful and relevant design formulacwith v b I sanalyzesorne of the dynamicalconcerng that arc
faced.

First, a discussion on the ninvigat 1ciof cose proximity and landing orbits is given. A dis-
tinction is made between ground- based @ d wuty omous navigation ap proaches, realizing that any




feasible realization must include elernentsd oth Following this is a section on the dynamies of
close orbiters, concentrati ng on the eflects «f the nddegrce arid order ficld, whichi dominates the
interesting S/C dynamics at the titne scalesof it erest. Thesevere shape distortion commonly found
at small bodies yields large changesinthewbitaelements of a S/C, andleads to limits on what
types of orbits arc feasible to fly. Theusctimidc sling spocifically with close proximity and landing
operations are given. These sect ions contanlevint design formulae whichishow the feasibility or
non- feasibility of certain approaches. Sonucs poifin examples arc applied to the NEAR mission and
its options during the follow-on phase

This paper strives fOr generality iuiis uswin  dynaties about sinall bodies, as there is a large
range i the sizes, shapes and propertics of t- <. biies. 1 his becornes evident in the notation used,
where the body density p and micanradius 7 a - left as free variables. Thus,in discussing the
gravitational attraction of a small body weranst u al with the mass constant o= 4rGpr2 /3, where
jt is the gravitational constantinkm”/<", (= 6 572 x 10°% em®/g/s?, p is the density measured
ing/an® and », is the mean radius ol t he b »dy 1measured in kin. As an example, consider the
circular speed of a $/C about a smallbady. vualiy expressed as Vie = /it /a where a is the semi -
major axis and jt is the gravitational pavisineter. 1 this paper, thisspecd is instead expressed as:
Vies 0.53\//7/757‘0 m/s, where p is the body desitvmeasurcding/ee, v is the body’s mean radius
inkim aud @ is the scmi-major axis normialize Jdw it reg))(.et, totheine anradius, The two equat ions
arc equivalent, yet the second forinprovidestheren der with a more imimiediate, and understandable,
result.

This paper only considers thoforcedlicds cie to the simall body’s gravity field, 1gnoring the
eflect of thesolar tide and solar radiationircwsnre on the orbital evolution. This assuinption is
justified, as attheclose radii assumedhbeieinthe eicct of these other perturbing forces is sinall over
the time spans of interest ([22]). ‘1 he dis wasions here are also relevant for comets, although the
outgassing forces which may be foundatsuaboc « . are not taken into ac count, thus the analysis
is more relevant for necar-dead comets orcon et~ por to excit ation.

2 Navigation and Control1ssucs

A brief review of the relevant navigationdatatypes operationsstrategies and control methodologies
is given. The emphasis is describing the dificcentapproaches and indicating the limiting factors for
achievable accuracy with on-board (potentin y sut nomous) observations.

2.1  Ground-Based Orbit Determinaiion

Ground- based orbit determination forasinatl hod.mission will generally consist of a combination
of radiometric, optical and (poteutially)altineiry cita. See papers [16] and [20] for a description of
the necessary approaches and potentiaxlacnncyorthis approach. Especially note paper [16] which
gives adesceription of how the Near Far I Artcoic Rendezvous (NFIAR) mission will be navigated
from the ground during the orbital j:liase

The main characteristic of ' ground bacd orlin deterninination is the high accuracy which is
obtainable, leading to precise models of the<ina Il hody, its force environment and the S/C orbit
about it . For the immediate future ground-hise ot determination will play animportant role in
defining the body models which willbe vsedd e avtmomous navigation systemns.

The weakness of ground-based orbit d terrmnation is the long turn around times, limited at
best by the round-trip light time. This dehivinates nany types of close-proximity and landing orbits
uncontrollable, in that, the reaction thneis notufliently swift to correct crror s and to control the
S/C to anominal trajectory. ‘1’0 navigate, sinall tody mission from th ¢ ground alone will place
hard constraints 011 the mission desipn and o:the «hievable science return.

If aneflicient ground systemnis (it.\Lrl( ¢w hic «an turn radiometric and optical ineasurements
into orbit corrections on a short timesa-ale, 1hesesround systems iay st ill be feasible to use for
some classes of close proximity orbits. Tl rchowever, a great munber of constraints that would




come with such a systemn, not the least o which s the need to dedicate antenna time over long
periods to enable the ground systein to yesy ol ¢ propriately during the period of close operations.

In closing, it should also be noted tht whe wever cornmunication takes place between the §/C
and the ground, data suitable for high- arcu a0 v cibit detenmination becomes available at essentially
no extra cost. T'hus, once a body is enccanter | and the sclence data is sent to Earth and the
specific mstructions are sent to t i S/CUR e vl be data suitab Je f('rhig,h recision orbit and
model determmnation.

2.2 On-13o0ard (Autonon ous) OrhiiDeterinination

In contrast withthe ground bascdsolution . are a-board orbit determinations. The types of mea-
surements usually cousidered for antonomcns sys ams are op tical slid altimetry incasurements. The
optical mcasurer nents will either nnapct 1, iin or corface landmarks of the body and correlate
these itnages with an existing niod el 01 thehod. to gencrate the residuals. These measurements
earl be combined to yield S/Cpositionti-e- 1 <tunates of the 8/C speed must rely on position
mcasurements tied together over 1 nncu~ine knovnmedels of the body. b or instance, in Reference
[1] it is noted that the velocity ditermmaricnh  omesiinich better whienthe S/C is tracked over
several revolutions, as then the filtercanuie 1 he total mass of the body (which will be well known
in general) to aid in fitting the positions tot hictiuc orbit.

Methods to perforin each of i s 1y o ool measarements and reductions have been devel-
oped, mthe case of limb sensing an antonanus . hewe has been developed and tested and proven
to work wellunder fairly benign orbitalcaidit sus ([1]). Similar techniques inay be possible for
landmark tracki ng ([8]). Two such optical sivhitiy s of the body surface arc suflicient to determine
the instantancous position of the S/C v ill renpe t to the body, assuming that a model of the body
exists. The ability to litnb track becotnes lizaitad as the S/C alt it nde decreases, as the process of
correlating the nnaged imb to the storedn ol cecomes more diflicult when the body limb lies near
the horizon, Inthisregime it is bettertonnsee | ndinarks onthe body’s surface and correlate themn
with the inter nal 1n od el to deternsine s i by Lan hinarks the S/C is looking at. Having determined
this, an instautancous position wcasnraoe ntan be constructed given two such sightings. 1'he land-
mark approach requires a more detailed i ot he surface, yet meav only  be necessary for those
portions of the surface over whichthes /i w 111 hover closely. If the S/C comnes very close to the
small body surface, landm ark trackine Lieainnes loss practical as well. First, to continue to reliably
track landmarks will require thatahighrsdnt snmodel be aboard the S/C. Second, the altitude
deter mination will be mited by the inode 1o and may not allow for a close d-loop soft landiug,.

It other situat fons it is desirablaoino s altianetey Li{:tslirtlli(tll> into the navigation sys-
temn. Altnetry measurements alimicdo not suf v to determine position, unless they are used to
perform it nb: scans or processed overlong, tincs ons. To comput ¢ a comnplete solution from altime-
try alone requires that the data beaccunnilar, d ndstored over fairly Jong timme spans and  processed
against the existing models of thchody, v cipp 5 ich more suited 1o ground operations. Alth netry
data used in conjunction with landuwaik obs rve s hov ever, is a strong datatype arid would be
essential for soft-landing operations. 1t7s oot fe ture is thut it's altitude determination of the S/C
is independent of thie modeling criaor

Limb tracking is most feacible whor e radii from the body, Jandmark tracking is most
feasible wlep closer to the body andaltitnetiy | comes hnportant whien considering orbits close to
or landing onthe surface. Essentinlioallautor nnousnavigation measureinents are accurate S/C
attitude estimates and precise control

O f interest is the accuracy of these difle it orbit determinations. The relevant quantities
interims of accuracy arethe angularfis of the +/C in the body-fixed space (i.e. the error in the
latitude and longitude of the S/(), th(S/rad s with respect to the body center of mass and the
S/C altitude above the body surface. Foradl -on inations (limb Jandmark and landinark- altitude)
the dctermination of the radial andanenivrpo ton of the S/Cis proportional to o, , and o, /7
respectively, where o, is the overall crrorin tb body model (in lengt hounits) and 7, is the mean
radius of the body. The proportionality fadaifo cach positonfix ranges from 1 to V2, depending on




the combination. The determination of altitnleis vially only performed using landmark tracking
alone or in combin ation with alti metry. r landn ook tracking aloue, the altitude determination
from omne position fix is approximately Ve, whin for Jandinark plus altunetetry the accuracy is
the accuracy of the altimeter measurcment whichay beonthe order of centimeters or meters. For
all these results, it 1s assumed that thc optnaland dtietry data is obtained at “optimal” viewing
conditions. Yor land mark tracking this means thar 1 he two landmarks lic 45 deg rees ofl nadir in
opposite directions, for landmark plusaltirne rythy means that the landmark lies at nadir.

2.3 Constructing the Small Body Model

The observat ions from the previous section o the accuracies of orbit determination bear on the
ability of a§/C to aut on om ously estinats a niodebl the sinall body about whiich it is orbiting. A's
the position and orbit determinations arc allatlea | partly himited by the uncertainty of the body
model, 1t becornes more difficult to estiisies oo of the body as this st be done intandem
with the orbit determination.

‘J>0 reliably performthis determninaiionwo ldreguite severa | pre requisites: a stable and
predictable orbit to perform the deternination ficu, a reasonable span of time to allow for “/N”
eflects toincrease the accuracy of therod:d Lighre Jdutioninstruments to zllow for accurate models
to be construcied from orbits far enouglhitr 1211 th body to minimize gravitational perturbations.
Note, altimetry measurements wouldbeusaulfor such a determinationas they would provide a
metric measurement (unlike the exclusively @ upnlsineasurements of the optical system)and could
be used to define the overall size andvcluties' thbody which would allow for the proper scale to
be applicd to al the optical measurcment -,

Giventhat such anestimationcould | vetfnimedautonomously, itwould always lag behind
the model accuracy possible using theground sy stom. This is mainly due to the extreme accuracy of
the Doppler measurements and its alalityto loternme the totalmass and gravitational field to high
accuracy. Giventhis base information, thernale | an be estimated fromthe optical and  altimetry
data using their full accuracy, instead ofwitirin down these easurennents by determining the
orbit simultanco usly.

One final comparison, for ground ba o el deterination it is possible to estimate the
necessary model resolution from fur tharnwes, (hartoran 011, board determination. On-board deter-
minations require more of a “spiralit’ wedowher theloweyorbitdetermination accuracy requires
the S/(; to estimate the small body model f1oa Cioser orbit, whichintuininduces its own errors
ete...

2.4 Methods of Control

Given an orbit determination and prede tic 1= ap bility, the control of the §/C orbit must be con-
sidered. The orbit control strateg ies «an b v ded into three goeneral areas, analytic predictors,
numerical targeting and closed-loop control T he  divisions are sotnewhiatarbitrary, but are useful
for categorizing the different controlpossib dities

2.4,1 Analytic Prediction

“I'his app roach uses approximate soluviione 1, toorbit dynamics problem to predict the future
evolution of the orbit. “1"hen, giventhat | b oooit shondd pass through somne position or satisfy
some criterion at a future time, the an sy fic{o  =cmianaly tic) theoryis used to determine what
the current orbit should be for the fut mie vont o be sat isfied. "Uhis approach is most often used
for the design of missions onthe groumi cithioug it conld have applicability for some autorjomous
missions, if precision control of the S;/C ahivis it a prenium.

This approach fails when orbiting invein: of notionwhere the perturbations acting, on the
S/C arc large or the motion chaotic “1 hien ruct regular theories will us ually not apply. In terms
of ground based design, analytic t heories sy 1 1 be constructed for these reg imes and used for



high-level design, however they maynoibeorecse enough for anautononious control scheme due
to the inherent non-linearitics of the dy narn . i1 these cases,

This approach works best whenthe oviatns oft he §/Corbit canbemodeled using  averaging
technigues. Then, this is useful for desigming, arois:onand computing the proper controls to execute.
Regimes where this applies are for 1( troeradcorbniers arounduniformly rotating sinall bodies and for
S/Corbits far from the small body. where tialar I solar radiation pressure forces becor ne imnportant.
The greatest advantage of this approachisi b« nses analytic solutions which arc understood and
hounded a priori, and dots notrely ansoloti ms s hich may have unpredicted behavior.

2.4 .2 Numcrical Targeting

In regi mes where analytic approaches ne Iy cormateh with reality it is necessary to use numnerical
approaches to define and computc quaniiti s of ) terest. This is always the case with ground based
missions, where the S/C trajectory is usually ta eoted to a location in space at a fixed or variable
time. The usual example of this is tarpcting t the “B-plaue” of a hody, either fixiug the time
of closest approach or letting 1t vary., Nurnicrice targeting is necessary as all the important force
perturbations can then be included and 1o dolec appropriately.

This approach can also be used for 10or esoteric ex arnples and applications, such as the
computation of periodic orbits close to the srnal body. Such orbits exist about small bodies ([18],
[19], [21]) and cannot be expressed in analvtoal oy yet procedutes can be developed to compute
them as a function of initial state only I'tas ap; toach can also be generalized to less constraining
situations, and can be used to compute circular orbits about small bodies. One can atternpt t o
predict the necessary initial conditions for « virc ilar otbit based on averaging theory or can use a
purely numerical approach which fits the arhit to acircularorbitin a least- squ ares serise. Reference
[19] analyses this situation and somc other appli ations i preater detail.

The key for eflective numerical targeting Lo define the targetlocations, events or limits in
terms of unatbiguous geometrics, and ther devel pnumerical procedures to satisfy these conditions.
Often, this may involve optimnizition tocimgque  nconjunction withnore traditional targeting
techniques. Such approaches may not he {essit for autonomous scenarios. Only if the problem
can be bounded a priori and the range ¢ oxpe ted solutions shown to be well behaved and the
targeting schemes uniformly converpent s onld tbe trusted t o an autonomous computation. In
many instances, suct | numerical techuique bave 1o be baby-sat” as the problan being solved is a
non-hnear problem for which multiple soluions ray exist.

2.4.3 Closed-Loop Flight Path Conirol

The analogue to numerical targetinig, fon o 1itono nous 1nssions is closed loop flight path control. In
this situation the S/C explieitly contralsiatio  specificfiight path (which mmay ei ther be co mputed
on-board or 011 the ground). Inrcaliv - i prou d based comtrol operations also perforin a closed-
loop flight path control, except the sy sterns are designed so that the orbit is stable with a control
delay of days or weeks. This is usvallyidcnchy o rforming very accurate orbit determination and
targeting of the nominal S/C orbit. I he v tacfre 1ency of corrections canbe decreased appreciably.
For intensive operations near the surl vwoe ol « nall body this tyvpe of control delay may not be
acceptable, and may yield an orbit that s unstc o e. At best, the ground based contr ol time delay
can be reduced to the order of hourswincn i still not sufficient for close proximity or landing
operations. Also, the data typesusuallyue dforg round based control do not yield “instantancous”
position fixes, which are useful for clovn o 1h S, ( control loop.

Inthese situations it becomesnercsiry o the app ropriate measureiments to be made on-
board and used to alter the contrel Law wo iiy bac 4 to sotne pre-progratmuoed nominal flight path. At
smaller bodies {or less massive bodies) theS 'O “r¢ move” the body s gravitation al ficld in some
instances by usmgmodels to generate thrast la. », This willy in gene ral, require autonomous orbit
determination to mplement andas probabiy the nost attractive mnechanism by which to com e close

to the surface of asmallbody forasustane “poyod of time. To do this requires a variable thrust




engine. If not available, this approachis madiuel more diflicult, and perhaps is not realistically
computable,

If onlya fixed thrust systemjsavda#e - thuall control mancuvers must be implemented
as finite-time maneuvers. For deep space nn~ims  thisentails 110 real complications, however for
operations close to a body this will complicateil  ex-cution of mancuvers and the coutrol al gorith m,
arid shouldbestudied further.

3 Dynamics of Close Orbiters

Of great importance in controlling and desien ng clo+ proximity andlanding orbits at asmall body
is anunderstanding of the dynamics of orbits dose 1 thes e bodies. This section gives a brief review
of this problem, cites appropriate texts forprevius work done inthis area and gives a sketch of the
current state of understanding inthis ares

3.1 Problein Definition and Derivitions

The equations of motion for a S/C dosctn: stnalbody (usvally withinl0 radii for the cffect of
the solar tide and radiation pressure to baigncred see [19] and [22]) arc stated in the small-body
fixed frame as

FA20 )0 U (Oxa) 4 Qw1 = Up (1)

where r is the position vector of the S'( 1w the hod fixedfraine,  is therotational velocity of tile
small body in the body-fixed framne. U7y ix1 I gravitational accelerat jon arid (<) denotes the time
derivative with respect to the body-fixedcooriinat  frame.

The gravitational potential U of thesimlibo y is usvally computed with spherical harmonics
when outside the circumscribing sphere abiouttl by or using a collection of N tetrahedra (essen-
tially modeling the body as some arbitrars polyhiccon) when close Lo the surface (note that there
is a closed form formula for the gravitation:lpofnt ol of a tet rahedra, sec [24]). Approximating the
body as a general polyhedron when clostto t, . url ice works appreciably better than filling up the
shape model with a collection of pomtinie e (73]

Interin of therotationaldynanics It thenmetbody, there are two broad classes which apply.
If the body is a principal axis rotator (P’A). orif tis a nonprincipalaxis rotator (N PA).If the
body is inPArotation, then therotationalsy Joit, 2 is constant inthe 1){,tly-fixed frame and the
equations of motion have a Jacobi intepral([¥1][1¢, [18]).1f the body is in NPA rotation, then for
the time spans of interest it is acceptable tonnde therotationaldynamicsas occurring in torque
free space. Then,the angular velocity will folivth  wellknownmotionof a rigid body infree space
and can be expressed in terms of elliptic funciions 114]). In this case € is no longer constant i the
body-fixed spaccand, consequently, 1he Jacowmteral is no longer conserved.

For purposes of practical designandindirs anding of S/C dynaniics over fairly short time
spans (011 thcorder of weeks or months)itisu ual , suflicient to only consider the 2nd degree and
order gravity field of the body. Dependingontls 1citional state of the smallbody, differcut orbital
theories and approximations can be applicd 1 11 € following sections we pass along some recent
results discovered concermng the dynariics ot S,/ © about a small body.

3.2 Principal-Axis Rotators

The most important effect on S/ (; orbits at yu e sal-axis (PA) rotators concerns the interaction,
or lack of interaction, between the rotationritcof @ he body aud the rotationrate of the orbit. The
primary eflect, froman analysis pomtof v v, 1~dne to the 2ndorder gravity field, Which consists
of the two gravity coefficients C20anid (% ‘1 hegra ity potential of this degree is.

Uy == % T;'g?“ (Gain o 1) 1 3200 (1 sin? o) cus(?/\)} (2)
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where g is the gravitational parameterof Lhe boy, aisthe declination of the S/C in the body-fixed
framme and A is the longitude of the S/ 1 he body-fixed frame.

3.2.1 Ca2 Gravity

Averaging theory works well to descril:e thenizin perturbations that Clsq gives to a S/C orbit.
Averaging the U20 potential over the nnic: v anon aly yields the perturbation function:

P 3.,
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Substituting this in the Lagrange equatiors fnotion shows that the semi-major axis, eccentricity
and incli nation suffer no secular perturbations e to this terta. Theremaining orbital elements of
argument of the ascending node, migunent of poapsisandthenean epoch all have secular terins:
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Converting these expressions 1o hanp 10 72, w and M, per orb it yiclds a coeflicient:
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20 Aoa/no~ o “0 .., degrees/orbit (9
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Onc can show that, in general, Cor < 00 thuthis conslant is less than 27/a* degrees/orbit for
a circular orbit. Due to this strong orl 1) e ongitisimpractical fora low orbit about a small
body to aintainaninertially fis cdorint e oep for inclinations of - 0,90,1380 degrees. 1t also
implics t hat the orbit period carvalso heccine st nificantly modificd.

3.2.2 (7'},2 (‘:I'HVity

The potential terin for Cae explicitly contans t e in thoexpression for the S/C longitude. This
complicates the procedure of detirnnimg t o cularefleets of this gravity termn. Most classical
studies of this problem have onlylookiiitihe pplicationto Farth, for which the effect is sinall,
and have not considered what the secular eve s of this gravity term are in general. For sinall bodies,
where this term can become quite larpe the ofl cis becorme dynamically significant and affect the
orbit serni-major axis, eccentricity andinciiicr in a potentially major way.

Instead of dealing with the senu-n o vis and eccent ricity direetly, it is more useful to
consider the orbit energy C2 = y/(¥a) wnd the angular momenturn b - \//ld(] - ¢%). It has
been established that interaction of 11$/(C orbitwiththe Cy 4 coeflicie ntcan cause a particle’s
energy to go from a negat ive (bound) va neto s positive (hyperbolic) value and vice-versa ([18],
[19]). Working with the orbit eniigy sndanen - momentum allow for the orbit to change from
hyperbolic to elliptic or vice- versa withoutsirpulanity.

There are two approaches fon daiving the cvnamical effect of (5 onthese variables, by de-
riving the diflerential equation dircetly o1 by ive ap g the potential priot to defining the differential



equations. We are interested indetcrminmg the ¢l inge inthese variables over one passage through
periapsis, either from apoapsis to apoaps s ¢ fronn 20 10 -0 for a hyperbolic or parabolic orbit.
The change in energy as computed frow theavers ed potential is differenit from the change in en-
ergy as computed directly from thcorelovanidilie «ntial equation. We will show these differences
and discuss them briefly.

Givenan averaged potential, the diffeicntialcjuation for the change in orbital energy is:

( Otz (lo)
(')J‘IO
where the averaged potential is:
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Starting from first principles, however, th cevact d Jerential cquation is derived to be:

. Ay ,

(o = it Vl’y’, c Vg (]2)
where Uzs is the gravity potential of the €%, 4t ity co eflicient and the time derivative is taken
with respect to the inertial reference frame. ‘i ircince these two equations toa form suitable for
comparison, integrate both over onc orbit froma vapsis to apoapsis (or from - oo to -t oo for a
parabolic or hyperbolic orbit). For the avirarec di ferential equation, this justinvolves multiplying
by 27 /n. For the exact differential cquationthisine dlves anintegration equivalent 10 the averaging
process, although yiclding different 1o sulte fc t he " terin. The r<’suit is a change in orbit energy
over one¢ orbit:
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Pertaining to the averaged and exact ¢ quistionsicsy,tively. ‘1 he functions J2 (¢, k) are defined as:

fo p
1% (e, k) : / (‘1 "] ’1((« ‘f> cosi mf 2kM )df (15)
Jn N
where O =-wif e <1, and 0 = cos™ Y (1/c) 11 ¢ 1, fisthe true anomaly of the orbit (defined
for elliptic, parabolic and hyperbolic orbitsi, i thinearvanomaly of the orb it (which is a function
of true anomaly for either an elliptic, parabcicorhyperbolicorbit) and k= w/n, where w is tile
rotation rate of thesmall body, and 71 isth e mniction of the S/Corbit, or its generalization for
hyperbolic orbits. The integrals 17 cannot b valhiited in closed form in ge neral, as they contain
mixed ter ms relating the true anomalyuno 1 hicicm anomaly, They can, however, be evaluated




numeric ally and the author haswiitiencod  wlhh perfor s thes ¢ evalvations for elliptic, parabolic
or hyperbolic orbits.

Clearly, the nuinber of ev alustions o th lunctions I}, neededforthe averaged case are less
thau the exact case. For eccentricitios gi-ater han- 0.9 the tworesults agree very well, and the
averag ed result cau be used ingeneral t v, contricities less than this the averaged result begin to
diverge from the exact results andshouldnott used.

The equations of change forthe otherelerients of interest (7 and h) over one periapsis passage

arc:
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The averaged potential results fonrthew  lome (s do not sufler the same problems as for the Cs
term. A c.artful derivation of allthcse ciqiation show thitthey are valid for bothelliptic (e < 1),
parabolic (¢ : 1) and hyperbolic (¢ > 1} ¢ bis  Vlsouseful are lincarized expressions for the change
i orbit periapsis and cccentricity:

Ng o thNE @TAC) [(jie) (19)
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It is important to wnotes that [/ 5|/, | for m > Leenepal, as it implies that when
i >n/? that the resulting changein, nernyan perapsis for one passage begins to decrease, and
that for 7 =2, the net change is in factsn , 1 hiiced, it is when the inichina tion of the orbit is much
larger than a /2, then the dynamics of the cihitican be well approxiinated by those ofau orbiter
about an oblate pla net. I'his also sbuows the 1t s7¢ sy be safely flown close to the ends of the
body, if flownina retrograde orhit.

The following plots give s fow a1 wt s of these expressions. Plot XX shows, for au
inclination of O, the capture andcjoctionrding [l a S/(C about a smallbody. Plot 1 shows contours
of constant change in apoapsis radius a~a [usn tinof periapsis radius and eccentricity, this plot was
generated for a body with /p7":32(v/cin’ 2 hours, and with a shape with ratios 1 : 0.5 : 0.5.

One final note to make, the chiinge i art it size andshape can he completely normalized
interms of the body’s sizé. Tt I 1S, th cvingemshape andsizeis only a function of the orbit
shape (eccentr lcity) and relative i ze (porig s id us expressed in terims - of body radii). The body
dependent terrns whicl 1 enter the cxprosacns e the non-dimensional gravity cocflicient Cay and k,
where k o ]/\/ﬁ7’2 aud p is the body dersiva d 77is the hody™ s rotation period. This allows for
general statemnents to be made about the oy oo s of simall body orbiters independent of the overall
size of the bodyin question.

3.3 Non- Principal-Axis not ators

The situation for noun-principal ax is rot ata ~ ( NJV’s) is considerably di flerent. Bodies with au NPA
rotation state arc considerably morer are thin i heir PA counterparts, vetthey do exist. Usually,
such bodies are comets, although t heren s nanber of confinmed cases of asteroids which arc in
anNPA rotation state ([9],[15]) a cormmndch racteristic of all of the NPA asteroids is that their
overall angular moment um s quite sl oo lin o long relaxationtimes, If this werenot the case
these bodies would have relaxed o rimipal, sis rotation about their largest moment of inertia
within a relatively short time span, astlisis thestable ro tational mode for such bodies.
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Figure 1: Relative change in apoapsis for «ne orat, as a function of normalized periapsis and
eccentricity for a () inclination orbit with peripeis inrated 45 degrees cew froni the long end of the
body

Since [2] < 1 i general thetraniert, hages due to the Castermmay be ignored, at
first order. This IS SEEN in the averaged \(. resait where we note that the change in energy is
proportional to the angular velocity of the bo 1y . rotationrate, a relationship which also holds true
forthe exact results. Thus, the majordyianil clivets are due to the Clug coeflicient. For longer
integrat ion time spans it may benecessiry to nel de hig her order terins which yield instabilities
(such as ().

The perturbing gravity potentislis the,
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Where P, = [cos 8 cos a, cosdsino, siné] wnd 1 the v tordescribing the orientation of the syrninetry
axis of thebodyin inertial space, where isthed :inationand o therig htascension of the pole
andr, is the umt vector defining the po<itics o 10 S/C ininertial space. For NPA bodies, the
“pole” of the body may nolonger e ineasired fron the maximum moment of inertia, hut may
also bemeasured from the minhnum moment of i crtia, depending on the specific rotation state
the body is in. lu general, the declinaticn d o, 11 10ht ascension a are functicms of time and can
be expressed explicitly interms of ellipticfur ctrons 1 [14]). i general the declination § will librate
about some average value and tile right a~ccn~on v will have a secular increase with time. The
particulars of their evolution dependsontntodyi  question, again Averaging this potential over
one orbit yields:

]fgo . - o I( 0 {J 3(]’1 . l‘},)?] (22)

where ry:[sin Qsing, - cos Qsin, cos 1+ th unit vector along the S/C orbits” osculating angular
momnentum vector. Note that this potentiszliimevarying. Thesemi-major axis and eccentricity
have no sccular terms with this perturbing puontic Thie remaining orbital elements have secular
motions described by:

Q S e (23)
RV e



; escis o 24
“‘;‘ ¢ i 14Y ( )
. ‘) (j‘/"'\ ] 62 )[{1
M, e (25)
1 rir na- ¢ de
At oti R
o -\ | f o cot I, ‘(m]l‘)o (26)

G e ;,a:'\/] er O
The orbital clements of most interestare the o lination and argument of the ascend iug node, as
this pair formn a closed set and their ev alvtion dives the evolut ion of the other elements.

The motion of this systermn has a'enw i teresting characteristics.  First, the inclination in
inertia] space has large, quasi-periodicanation  duetothemotion of the asteroid ininertial space.
In some cases t h e inclination can cross [roin directto aretrograde orbit, or viw-versa. Yor
longer-tern integrations, this problemis tade tand the effect of the Oy terim of the gravity field
becomes important. The effect of tlistariis <o give the eccentricity a long-term drift. At this
level, the theory must combine thanchin e m,  rgument of ascending yode, argument of periapsis
and eccent ricit y, 1 he relevant analy sisis oo to »e performed.

A case i point is the astcroidionts s, lor which anaccarate shape model and rotational
st ate exists ([{)]). This asteroid i~inno i ipal axis rotation about its mininumn momment o f
Inertia, it’s nutati on angle is approxinuat hyH0 and has a variation of less than one degree. The
precessional pertod in inertial space s approvnitely 751 days, Its?nd order gravity field (with
res pect to its minimuimn momnent of incitia asis) .

pCh 4.77706 kin” (27
I 0.0163 kin” (28)

Note thai the Caotermmispositive. asespete 1 {1 a prolatc spheroid, and that the O term smther
small. Following arc some plots of the ev utio of theincdinationaudargument of the ascending
node, note the gquasi- pertodic varations it o i cdination, which allow thie orbit to switch between
direct andretrog rade orbits over 1 e,

3.4 Definition and Computation ot Stability Measures

The above, more analytical, theorics are uscru when considering individual spacecraft orbits or
designing specific trajectories. It i.. also e ssnryiounderstand the lesstangible issues of spacecraft
dynamics, suet] as when the S/(; is inachinticcone orwhen it isinarcgion of bourided motion.
Should the orbit lie in, or close to a chaotir 1egh 1of phase space, then the predicted motion of the
S/C will be uncertain and the final outeotneol o panned orbit e question. When flying close to small
bodies, this is a pertinent question I ar ¢ .4 np observe the results of @ Monte-Carlo sitnulation
which tracked the final evolution of i few husidr d particles drawn ab out an initial trajectory with
a position uncertainty of 5 met err and , v 1, ity ancertainty of 0.1t /sec. Note that this sinall
difference m initial conditions leads 1o ava 111, different eccentricities and semi-inajor axes after
only ten days (which correspouds to approxinieiely onie orbit in the nominal orbit). Clearly, the
perturbations acting on the orbit mie stion o cnio ghto be characts rized as chaotic.

To detect the stability (o1 non- chanteity 11 orbits o bout stoallbodies, the natural technique
is to use Fimte-Thne Lyapunov Chiariv terstee 1 sponents (FTLCE, see [26]). The propagation of
uncertainties (covariance) is govern ed by t o wtar trausition matrix a ssociated with a trajectory:

’“(’} : tJl-[{\‘,‘)}’(i(,)d)([,to)’lv (29)
where P(1) is the state covariance matiix of the S/C at thne t and ${7.t,) is the state transition
matrix of the orbit from time 1, to tine i, 17 sane eigenvalues of this matrix grow exponentially

with tiine, then the uncertainty along the corres,onding eipenvectors will grow exponentially. The
I'I'LCE is a measure of the exponentis! grosih of these eipenvalues:
A1)
. " (30)




where v is defined as the 11 CE, AMsaueis cnvane of thematrix @(4,1.)and ¢ iS the time from
the mitial epoch ¢, For a true charactonz st of v hether an orbit 1s chaotic, the 'T'LCE must be
evaluated as time grows arbitrarily Isirge. I 1 rotic the computation is considered complete if the
FT'LCE reaches a finite positive {ornegative) valu or if it continues decreasing in magnitude as
time increases. l'or practical purpos s, we o1 'y necdtounderstand the behbavior of the eigenvalues
over tile timethe orbit solutionis desived to bopr dictable. Depending onthe circumstances, this
could range from afew days to wecks or 1o ths

A related issue is the computation of pandicorbits about sinall bodies (pertodic in the body -
fixed frame). While these orbits may be nte oun theirown fight aspossible SIC trajectories,
they have a deeper significance interms ofhiiplec space about them. Should a periodic orbit
be stable, then trajectories in the surroundiniphias space will have regular quasi-periodic motions.
This tells the analyst that orbit une ttaintiec vall Cimost propagate as a polynomnial in time, and
that the particular S/C orbit will remainbounded nd ‘(sale for long periods of time.

Conversely, if a periodic orbit is un=tz b ticu trajectories in the surrounding phase space
will diverge exponentially from the orint. ot heninore, in this situation, the unstable manifolds of
these orbits become important, as they wand- r ove some region of phase space and any S/C orbit
which comes sufficiently close to theyn will fallundertherr influence, atleast temnporarily, and follow
an exponentially diverging path. Thus, i’ asccor family of unstable periodic orbits canbe found
in someregion of the phase space, therdsa 1gh probability that S/C orbits in this region will be
chaotic and will be,inherently, unpredictat:le o sorcresolution of measurcment. Vhe computation
of periodic orbits and their stability is closely 1elatecto the computat icm of P11,CE’s. See [18] 5 [19],
[21] and [5] for further discussionsand 7,:1111,1 of »eriodic orbits aliout asteroids.

4 Close Proximity Operations

An arca of current interest is the navigation s d Catrol of 1 S/C close to the surface of a small
body. This is a rather broad concept. howrver, wnad ceveral very diverse types of orbits may fit into
this general category. In the followinp sectiin o fev different options for designing close proximity
orbits about a small body are given, here assinesd o be either an asteroid or an inactive comet.

4.1 Retrograde Orbiters

The simplest, and rmost inexpensive, manto i wlech to ily close to the surface of a body is to
fly in a retrograde orbit close to the cquatorizl plat, of thebody. Suchanorbitcanbe controlled
aud flown fromthe ground. Thisapprosc b a<uime thatthe bodyisin, or is near, principal axis
rotation. In this approachthe S/(; flics again: t the otationrat e of the hody (3.e. at aninclination
of 180°). As wasnoted previously thearhitwillse lttle variationin its shape or size (even for
near-circular or-hits). ‘Jhere willbelargescninrrat.winitsargument of ascending node and in its
argument of periapsis, clue to the Cugtarm fthe gavity field. Characteristic values of these rates
for various bodies are givenin [18], [1 9] [ 1fincr Fora circular S/C orbit just above the long
cuds of a body with a shape ratio of I :0.5:0.5 these ularratesinthese angles arc:

w = 6y ( I sin’ i .)> degrees/hour (31)
Q = 6) Vireos tdegiees fhour (32)
M, = (33)

where p is the body density in grarns pcr erbiocntimeater. Thus, clearly, ill] orbit out of tile
equatorial plane will have substantial precessicnivertial space.

Orbits such as these may be extremclys able  nduseful for safely orbiting an asteroid at low
altitudes. In fact, the NI" AR mission willflysuche avorbitfor a sizable fraction of its mission in
order to generate high resolution imagimg cf thesu ace ([16],[6]). The draw back to such orb its




is the high relative velocities betweenth &/Cand the asteroid  This relative velocity may make
it impractical to use these low orhits v« anng nreas for in situ measurements, and can blur high-
resolution images of tile surface  1°()) oucwnto model body, the orbital speed in the body-fixed
system is approximated as:

1 (020 hyo 145/ o m /s (34)

where v is the longest dimension of (e bodyvinkm, 7' is the rotation period of the body in hours
and p s the density as before. For & smi iLvon -1 with a slow rotatl on aud p = 1 gfee, a =1 km
and 7" == 12 hours, the orbital spcidisunicumel (~0.41in/s), perhapsinaking it feasible for some
sort of insitu sampling. For an asteronl sudll « Fros, wit o p = 3,0: 20, 70 = 5.27 the relative
speed increases to 15.8 m/s, clearly ton fastformost conceivable i sit uoperations.

The specific orbit which NEARwillfly is 135 kinradius orbit, withrelative speeds expected
to bc onthe order of 5- 10 m/s,

4.2 Hovering Orbits: Inertially Fived

The concept of fixing a S/C’s position it il oace, relative to the stia llbody, is another proposed
mode of operation. Reasons for wanting ted tl . vary, thcusual being a desire to set up alanding
flight or to achieve some in situ measurcn it possible from orbit. Another application may be
to fix the S/Cinto an orbit thatstavson hesurside of the smallbody for somme extended period,
perhaps to support an 1maging o1 mappin e npaign. Most viab le applications of such maneuvers
are only possible at very smallbodies,

The concept of fixing a S/Cnuneiiii! spce with respect to a siniall hody is really just an
extension of the concept of a Lagiung iiujond: hout a small body. Indeed, given an appropriately
sized and designed thrust control. a5/ v ch ose an arbitrary point alot 1g the bod y-sun line to
maintain. Thie necessary thrust to mainianosucl an orbit is:

X

A RS (35)

where N/ is the sinall body orbit’sangiilarrate 1o und the sun and r is the S/C distan ce from the
small body towards the sun. b 'or the 1 e i1 of aiterest to us we can ignore the N2 term. Then,
the cost of maintaining a specificd distanc 4y oma body using a continuously thrusting engine can
be computed to be:

f o~ i (" ) 1u/see /hour (36)
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where p is the body densitying/cc,», i theiwauradius of the body and # is the S/C radius
non-dimensionalized by the mean radius. ‘1 hustle cost of hovering at aspecified nuinber of radii is
proportional to both the density and t hccvcrall ~ize of the body, Thisapproach is clearly feasible
for small bodies onthe order of wfew kibnnte. and with the vormal range of densities, where
hovering may be sustained for a fow honrswith small A\” penalty.

Practical implementation of thisapp:oo It requiresautonomousnavigation or accurate models
of the small body and the S/C thrushing :yvrtan  For antonomous control, it is necessary to have
a complete estiinate of the S/C position, 1 nowldee of therange or altitude alone is not suflicient
as the lateral displacement of the §/C wiilhie v Observed and could vary casily lead to the §/C
diverging from its desired position Note that, s this class of orbits arc a generalization of the
Lagrange points, they also inhenitthe insatulitof thoscorbits. Furthierniore, the time scale of
their instability is enhanced by the applicaticnof sdditional forces and by maving the S/C closer to
the body. Anestimate of the timescal i of thaar stability is given by:

Ty B0 p minutes (37)

where 7 is the time scale inminutes,iis thead 1, of the §/C nonualized by the mean body radius
and pas the density of the body i g7 e




Use of suchinertially fixed orhits forirsituncasurements may not always be applicable. The
S/C-body relative speed is not nulledoutinthis pproach,andthiscan cause significant relative
velocities depending onthe body rotationyae Uresssampling occurs at thepoles of the body, in
situ measurements or sample gathering wifl p1obabl . be betterhandled by hoveringinthe body-fixed
frame (discussed inthe nextsubsection).

It is not always feasible to uscvarisblctlirus cngimesio achieve the hovering, described here.
There arc some simple schemes tha t effec t the s me result, although they are implemented by
impulsive maneuvers (.6, DY constant thiust engir-~). 1 hebasic idea is that the S/C is always in
anorbit about the body, usually auclipticobitwitliperiapsis closeto or within the surface. Then
the S/C reverses its in orbit velocity, ot at Je s rew crses the i component of it whenever a certain
critical radius is passed, ineflect forcngthe £°C 10 repeatedly fly through apoapsis. This same
idea may be generalized to hyperbolicobits althophinthis case the S/C is forced to repeatedly
fly through periapsis, which is chioseunaindsined  iltitude. The cost forsuch operations is always
greater thanthe continuous thrust hoveing s hioe  Foranorbit with eccentricity close to one, the
tirne between mancuvers may be estimat .l a-

AN ('.':'4\‘:‘(7 EAE hours (38)
where 7, is the normalized apoapsis of the o bt sud 74 is the normalized radius at which the
maneuver is triggered. Note that the tiuwhe wenmancuvers isindependent of the size of the
body. It is also clear, for mostsituationsof nt-res , thatthe time betweenmaneuvers will always
be 011 theorder of a few hours, whichis probadidy tw frequent to seliably control from the ground.
Autonomous station-keeping using (his appi oi b was heen proposed in the past for a phase of
opera tions at a comet.

Navigation data types needed to suppo t <aich orbits are at titude determimation, optical imag-
ing and, in some circumstances, altimic try tne worer ents. H the orbit is maintained far enough from
the body, thenoptical imaging should beeuflirint, nsing measuremnents of the limbs of the body to
determine the relative position of the §/C.Sh 111111 is approach be used close to the body’s surface,
then landmark Lr;icking would ])r()}'il}!l)’ be ossontpdinorder to control the lateral motion of the
S/C. If hovering, very close to the bady ssutfie o desired. then altimetry 1measurements would
be needed to explicitly control the rachal st of t), (. In this situation), thealtitude would be
controlled at @ higher rate using the altinradata whilethe lateral positioning and motion of the
S/C could becontrolled a a slower rate nsing the taging of limbs or landmarks. This fits Well with
the neccessary processing times for cachity pesf e ~uretnent, as altimnetry has a fast turn around
time aud optical will in general takclongaioyrae . ...

4.3 Hovering Orbits: Body-}ixed

For hovering operations close to the suifaceof w sz | hody itinay be more nseful to fly inthe body-
fixed coordinate system.To do this the S/ 1 st law should eliminate both the gravitational and
the rotational accelerations. Thus the tot s th 1o st vetor will be of the formn:

Jo= Qg e (O oxa)d Qxr e Uy (39)

Since he body-relative speeds and the rotat nal ac eleration of the body will be sial this reduces
to:

N L F SR ) B N (40)
which, for purposes of discussion, catbe hound-l 1

A (41)




The fuel costs of this approach arc suni ;. to the cost of inertial hovering, plus an added termn
due to the rotational dynamics portionw hic It ¢ inbe bounded from above by an additional 1 1r/7%
m/s/hour, where » is inkm arid 7inhourFrojer application of this thrust law will result in a S/C
force environment of 1= O with 22P¢Ct 1o the rentral body. Then,assuming that the thrust law
canbeproperly applied the S/Ccanbefionn aong pre-prograined rectilinear flight paths about
the body. Note that this lmplicitly assiinsthe the S/Chas a variable thrust engine. Should the
engines be fixed thrust, the realization of 1 hscrbits becomes muchmore difficult.

Given reliable position estitnats posible to devise a simple closed-loop feedback control
systemn that forces the S/C traject ory t, [ollew the pre-programuned flight path. With such a
systemimplemented, it is no louger as cricid t have highly accurate pravity field model. Indeed,
simulations where the S/C is givenadthloere andorde r gravity fieldand flownin a full gravity
field snow that this level of modcling sean . wuflitent, even when close to the asteroid surface. Such
operations seemn feasible fromacontrol ol fuelpointof view al smaller bodies. To show true
feasibility, however, will require provingtl, orh, determmination concept and making sure that it is
accurate enough to supportsuchiliphtparh- “Tais is anarea of ongoing study.

4.4  “Ixotic” Natural Orbits

Once an autonomous navigation systenhishean developed aud applied to the above situations, it
can also beapplied to other situations  Not- 1}] tthere is arelatively large fuel cost of performing
close proximty operations, especially ;1 1arecr hodies. “Jo reduce these fuel costs andstill enable
close proximity operatious entails theus. ¢ witunlorbits, or slight deviations from natural orbits, to
bring the S/C close to the surface. As dis uwwed i References [18], [19] and [21] there arc a wealth
of periodic. orbits which come closetoths tccid surface with fairly low relative speeds. Such
orbits are, however, unstable andcoul | nothet, wn from the ground using traditi onal navigation
techniques. To support flight in such o birwould require an autonomous navigation and control

systein, conceivably the same systcin oy asnme for thehovering capabilitics. Now, the total fuel
cost would be that portion necessary 1( 1 atvel contiol the flight path back to the nominal orbit.
Also, it would bepossible to controlthe t “)retey to transition alot 1g, a f;mli]y of orbitsyending up
th an orbit that was close to the surfuee 1oy wrting from a family which was nominally, say, a
circular orbit.

This would be, technically, & o i 3ot ving feat, butthe potential fuel savings could very
well make such an approach useful. Of g1 ¢ testinterest would be the interplay between the orbit
determination uncertainty and the contiol law inplemented by the S/Cas this could potentially be
an unstable system. This would be ducto thorselinear interact ion between the orbit uncertainty
arid the chaotic mapping of thesc orbitsiniothalnture,

The technical scheme to {ollow wor ld bhe to precompute the desired periodic orbit and the
necessary transfer orbits on the groundard Joai this up ontothe S/ as it’s nominal flight plan.
Depending on the specific orbit, the ¢ 11w e ey also want to precompute the control and orbit
determinat ion strategy, mterms ofatmon taned 1 oming of incasurements and placeinent of control
Mmaneuvers.

5 Landing Orbits

Landing and orbital operations at axt«ailscanbe categorized with respect to their strategy and
itent. Three major categories can be drw 11 i landing, hard landing and high-speed 1mpact.
A softlanding is characterized a< « cortre Hoid ¢ovcent where the intent is to minimize the impact
speed of the spacecraft. Usually impheaiti o thispproach is the ability to accurately steer towards
specific landing sites. A hard landing 1=« ladin sequence initiated from orbit which does nothing
to control (i.e. minimize) the impactspeci f € spaceera ft. In both of these landing scenarios it
18 necessary for the spacecrafl to 1endes vors ind abit the asteroid prior to the landing sequence. | f
an accurate physical model of thetlaiget, ¢ friiradarimages, is not avail able the orbital phase



may last until the shape, rotational dy nisinic, ; nderavity ficld of the asteroid is determined. Vor a
high-speedimpact withabody the spac <1 a1 e not ¢ nter orbit abouttheasteroiddbut proceeds
directly from hyperbolic approachtoirpit

5.1 Iigh Speed Impact

The intent is to impact the asteroid withia hiphsieed{onthe order of scveral hundred to several
thousand meters per second)to obscrvetlie ¢ictafield fromn thatimpact froimn a mother or sister
S/C. The inpact speed may be con ty ollci b jvrlaining a maneuver some days before impact to
acC’just the impact speed and to re-targ c t | jie.pice o ft toward the. center of the asteroid. Yollowing
this mancuver, a final correction and re taryetine mancuver willhave to betnade shortly before
hnpact using optical data taken during the o oah. If the asteroid has bheen observed with radar
prior to impact the optical data maynotbe a1y, so long as the space craft impact uncertainty
ellipse is much sinaller thanthe bed). 1 venil 1 1 h.dy’s ephcmieris is perfeetly known, if the inertial
orbit determination of the spacecraftis poor ootic |sightings will still be necessary.

Given optical images of the bodvspans th star background, the uncertainty of the space-
craft trajectory in the timpact plane caty e npron ynated as og ~ Hog, = ViT'o,, Where 0dis the
uncertainty radius in the impact plaric, /01 the sjpuwecraft range to the body at the time of obser-
vation, 0,is the angular accuracy withwhicl the body may be located, V) is the impact speed, and
7" is the time to impact. Theangulataceuricy 1+ a mbination of the camerapixel size (or suitable
fraction thereof) and the ability of thcoptia diitaprocessorto model the shape of the target body
(i.e. estimate the center-finding error):

0a Vo Jad/ R (42)

where gp is the pixel size of the canmera, [, .4 friction deseribing the ability of the measurement
processor to characterize or estimate theontorof Lo body (usu aly < 0.25 at least), d is the mean
diameter of tile body and R is the S/C rang - iro1 the body at theimag ing time. Therithe data
cutoff time to achieve a specified accuracyis

d .
1 Voog V cafd)” - fi (43)

Clearly, an iimportant imiting factorforthe aniliny ol the S/C to target anhmpact trajectory involves
the ability of the measurement processorto ¢ timat  thetargetcenter onceithbecomes resolved. For
a specific example assume animipac t spod Hf | bin/s, a desired uncertainty in the i pact plane
of 0.27 diamecters, and a center-finding crrorlration of 0.25. then7' ~ (),1 d/o, (seconds). Typical
camera accuracies may range from0.] 1111 #d(for  ninaccurate camera) 10 lprad for an accurate
catera, providing data cut-off” timeswlichrnge f-omlimmutesto 1.2 dayvs, respectively, for a 1
km body.

The size of the final mancuver i. & fencnor of the previous control errors and the relative
ephemeris uncertainty of the target body ‘1 lienecssarymancuver sizeis justthe error divided by
the time to Jmpact. Assuming anin couing 1areet ng error of 10 ko, this translates into a 10 m/s
burn for the inaccurate camera and o () L/ burn for the accurate cainera, again for @ 1 ki body.
Clearly, there is a fuel cost associated withale, acurate carnera for this approach.

In general, such a craft willbeconsiiered  expendable” and will probably not have high
accuracy imaging devices on board butw Il Lxve a ow accuracy optical device instead. Then, with
the shorter timespans associated withaninacirat  camera, anautonomous navigation systermn will
probably have to he incorporated to support »hedin | targeting maneuver. 'Fhe sophistication of this
system is not great, as all it, must doisfitel b te et center in the fimages and design mancuvers
to move the target center to the S/(° boreag it
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5.2 Hard Landing

A hard landing can be defined as a hall stcd-op from orbit ontothe asteroid surface with no
braking maneuver prior to impact. Vhis ap proac, is attractive gq it involves no thrustin g raneuvers
to control the descent rate and avoids sone of tle small body modceling issues by passing relatively
swiftly to the asteroid surface. Ihe achii bl la nding accuracy 011 the asteroid surface will be
a function of the orbit determination accuioy, maneuver exccution errors and asteroid modeling
errors. The orbit from which thelanderisichivecd will also play arole i thelanding accuracy and
unpact speed.

The impact speed o f such alander approximated by a fow simple formulae. Tirst,
assume that the spacecraft veloaty wittirerpec  tothe asteroid is nulledout at some normalized
radius 7, and the spacecraft is allowed to a1 o1 anasteroid of radius o . Then the impact speed
is, approximately:

"] I L)A v"-)-\‘ J/"‘O\//] - '.l' III/S (44)
Ta
For control purposes a non-zero specd mmar hehnparted to the spacecraft at the de-orbit maneuver
(this will provide angle of attackcontrolitimp ct). The corresponding impact speed is computed
by takingthe root-su~n-square of thatsI'c dwith Equation 44.
For a maneuver performed (it jraiap e 1he ontrol error in the impact site can be approximated

as.

o0y U VIO 02 (45)

where 0b isthe error inthe impactplane f., s tlfractional error in the executed maneuver (typical
valuesrange from 0.001 to 0.02),,, 1s the daive orbit pe riapsis, ris the delivery orbit eccentricity
and u, is tbc Position uncertaintyat thetitr e olthe mancuver (the delivery orbit is the orbit prior
to the de-orbit maneuver). A moic thorodedysis of delivery accuracy to the surface of a cornet
for a specific case is addressed in|[?3].

5.3 Soft l.anding

A soft Janding canbe realized inamuniber ofwan -, thetwo of greatestinterest depend on the type  Of
thrusters used by the S/C; whethier the en s hwe afixed or variable thrustlevel. In the following
subsections we sketch out the fundanintals f the dynamics for cach approach.

5.3.1 ¥Fixed Thrust Level

This approach is appealing as most 8/ tht usiors are destgned to imipart a fixed Jevel of thrust
and cannot be casily modulated in 1e i1 tmer, deliver variable levels of thrust. Also, this ap-
proach is more amenable to pre-progratnminy franthe ground an d thus may eliminate the need for
autonornous navigation for support.

The basic scenario is as follows  th §/Cde-orbits at sorne radins yy and begins a free-fall
towards the body (Vo = 0). At aradivg; theonstantthiust engine is activated burning in a
fixed direction (i.e. towards the hody)withan  llective acceleration of f (assuimed to be constant
over the time interval of interest) I the b we parameters are properly chosen, then the S/C Will
impact the body surface with aspeedi; 1 nepioblamtosolve is, given a de-orbit radius v, aS/C
acceleration f, a given body andadesiredunpartspeed Vi, a, whataltituder,shouldthe thrusters
be ignited.

During the thrusting portion of the fall e sumne thatthe S/C is moving entirely in the radial
direction, then the equations of motinn b cine

N (46)




This equation has an integral, foundbyultiplyin: through by 7 and integrating:
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This equation can relate the impact spead {(whenr  14) withthe S/C radius andspecdat thruster
ignition. Now, note that the burnignitionw occirat adiflerent radius than the initial de-orbit
burn, and that these WO states are 1¢lated buthe ooy plerian cnergy to arrive at;

N (-" " f) (48)
2 1 T

This relationship can be used to relate thevarions parameters of this problern. If burn terinination
is scheduled to occur at radius 7, beforcimpactatiadius 1, then the iimpact speed becornes:
R

vy A 49
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Note that the acceleration is constramcd suelthat

[ 1 1
;o (- > (50)
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This ensures that the S/C speed docs notjpas-throigh 2,10, which would imply that the S/C would
begin to escape from the body.

For shn plicity, assume that the burn ermuationoccurs at landing (7= 7>. ) and that the
nnpact speedis specified (V = Vy), thentheiatiue at which the burn must be ighiited is:

r9

. el T VP
TS R / 1--1/7) 5, (51)
where #, and o are the normalized yadii w hee b 11 ignition and the de-orbit mnaneuver oceur, p is
density in g/cc, 7, is body radivs inkm, fis S, ¢ ee &tationinmim/s® and Vy is impact speed in
Us.

Now let us briefly consideranexarpliGiva ab00kg S/C with a total thrust of 4 N, the
acceleration f = 8 mm/sec. Assumnce the bhodsis arasteroid with radius 10kniand density 3 g/cc.
Finally, assuine that the de-orbit iaticuver (conrs 5 asteroid radii (50 ki) and assume landing
speeds of 1, 0.5 and 0.1 in/sec. The respective 2t udes at which burn ignition must be nade are
then: 18,307, 18.354, 18.369 kin. T'he litniting altitude before the S/C will escape prior to impact
is 18.370 k. It is clear that the iinpact s e is wensitive to the ability of the S/C to ignite the
thrusters at the proper radius and thatlo o vryslow impact speed (say 0. 1 n/s)an error of 1
meter can cause an escape.

Given these sensitivities, it wouldb: o 11 t ncorporate altimeter measurements during the
descent phase. otherwise the burns Wollid b nitivied by anwinternal clock, with burn tine based
on the pre-deorbit maneuver orbit de ternnma wn, ant is likely to beinerror. For this example, the
approximate speed at burn ignition is @b ouiis 1ll/see |If no other incasureinents are made, the
radius determinations will be limited by the popaationerrors of the S/C and the modeling errors
of the body. If the propagation errors prove tohetes large, they canbe reduced by adding landmark
or limb tracking to the on-board navigation: ,}mctoreduce the error to the body modeling error.

Not, considered above arc thenonspheral liects of the body and the rotational dynamics
of the body. Given a specific, desired hnpact s tci @ body model, the appropriate burn ignition
times or radii could be computed ontheeroune ard loaded into the S/C program. This approach
should work well for larger impact specds sl ou i be inplemented by the NEAR S/C at the end
of its nowninal mission phase, should it bedeir dioland that S/C onto the Bros surface.
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5.3.2 YVariable Thrust Level

The alternative approach would bietosupplythe S/C with a variable thr ust system. The particulars
of building such a thruster syst cinarenat:lie us dhere but many possible approaches should exist,
from modulation of the mass-flowratctomplenentation of a pulsing strategy. While this approach
is not necessary for landing onasmat 1 1 oriy,  would cnable greater freedom in controlling the
descent phase and actually picking o1rsteeiine te s ards a particular landing site on the surface of the
asteroid.

Touse such a capability’ toits fullest pot-ndial would require an autonomous orbit determi-
nation aud control algorithm o11 boardtee S5/CThe body-relative position determination would
be used to compute the thrust tonullthe gravity field, which would be represented as a truncated
spher ical harmonic field with the appropnate o tational dynamics model. The S/C would also be
given a nominal flight, path in thchody-fivec [rane which could include periods of hovering, lateral
motionand vertical motion. Thescenaric voulbe very sinnlar to that discussed in the previous
sect 1on on hovering orbits in the bodyhs ecfie e, The S/C trajectory would be controlled by a
closed loop feedback control which w onld price , positionmeasurements to deterinine a state esti-
mate and a state error, whichwould 1)1 It ofle-«nce between the estimmate and the desired state at
a gven tine. Suitable gam constants Wot, g pplied to these crvors to drive the S/C back to its
nominal trajectory.

Simulations applied to a reahstic <hipe ndelof theasteroid Tout at is establish the feasibility
of the closed loop coutrol. Yet to be evatuaredis  he stabality of this scherue inthe presence of larger
orbit determination errors, thatanalys - i ¢ irrcatly being, performed.

The necessary thrust will behound dlhy

o~ [‘p// Y1 (1.9 cos 8/1%m/s/hour (52)
28 [p/ie 108 cos §/17] micro s (53)

where 7" is the body’s rotational periodinliou, andé is the S/C latitude as measured from the
rotational equator. Note that inmiplernint tin ot this thrust law witho ut feedback control will be
unstable. If the precise location 011 thesurlicvs ot Of interest, the loop canbe closed with altimetry
measurcments, so long as thelatiral disftolth  S/C can be bound ed using open-loop control. 1f
lateral motion cannot be bounded, orjanne it dJesired a a precise loc a ionon the surface, then
Jandmark tracking should be used 1o conpncr ior withc altimetry data.

The above formulae are usefulonlybrordr of magmitude design purposes. When considering
anactual trajectory the role of 1 he wieguarshpeand gravity ficldof the asteroid becomes very
import ant, both from the standpoint of spae ralidynamics and frotnthe standpoint of reducing any
measurements taken during descent. lnpropo tiodeling of either of these may lead to an incorrect
maneu ver or thrustlevel arid a conscquente cayor “harder” landing, (111 the asteroid surface.

5.4  Surface Operations aud Retury to Orbit

Once onthe surface, if the spacectafiis teroant will be mportant to havean accurate model of
the surface gravity field, whichw ill bowalan possiblyirregular. Asensible strategy is to use
a polyhedron model, which provides the cvart ¢ ustaut dionsity gravitat ional field for an arbitrary
polyhedron ([24]). This field is non-sivgulir st e sutlace of the hody and can be easily modified
toaccount for local density inhottogencitic,

Given a successful soft landing i uasti oid, t he design and implanentation of a return
trajectory is muchsimpler. A 1y picalsenne would consist Of at 1 ast three pre-programimed
burns: an initial burn to lift the spaceciaffionthe asteroid surface to some altitude, followed by
a burn to turn that altitude intotheorbi i psis and inove the orbitapoapsis a safe distance
from the surface, followed by a third linirar o hit apoapsis which raises periapsis to a high, safe
altitude.




6 Conclusions

Given in this paper was a discussion ,111 theop 1 :ticn~ and dynamics of a S/C close to a small body,
such as an asteroid or comet. Thematnpurpos o this paper was to bring realism to some of the
discussions whichare occurring conceriing s clinissions, discussions which sometimes arc vastly
oversim plif ied or which ignore some crucialdenint orrealities thatmusthe dealt with early-on in
the design phase for such inissions.

The results are not meant to beallimclu-ive although a stress has been lain on keeping the
results general enough to be useful tozwidiringecl different body shapes and sizes. To that end, a
number of order- of-magnitude designiforinnla: Lave veen derived and stated . concentrat ing on those
dynamical aspects likely to be of greatestimteo ttc the mission designer such as landing speed and
fuel cost.

A truly exciting possibility will occur during ¢ after the main operations phase of the NNAR
mission to the asteroid Fros.Durinig t heph o 11, S/C will come within ~ 3 mican radii of the
body for extended period.s of time,subjectinther /Corbit 10 large perturbations and serving as
a check 011 our understanding of thix cthitalenvinnment. Then, follow ing the end of the prime
mission, a possibili ty exists that the S/Cwilli csdlovedtoland onthe asteroid surface, thus serving
asthe fore-rullrler of, what is to be hoped v Tut ne such craft to other small bodies in our solar
system
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Nonnmal orbit about a comet
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